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ABSTRACT
Moisture in process and inert gases, even in parts-per-billion (ppb) levels, can affect many semiconductor
manufacturing processes and fabrication plants (fabs). Additionally, slight variations in moisture level can
drastically offset the calibration of various process and result in loss of performance. Therefore, it is critical
to minimize moisture level and at the same time provide a stable purity in the gas delivery systems. In this
study, a process model is developed to characterize different mechanisms that affect the moisture level at the
Point-of-Use (POU) for high purity gases. In particular, the dynamics and the relative contributions of the
two major sources of drift in the Ultra-High Purity (UHP) gas-delivery systems are analyzed: a) the moisture
build-up and drift in the concentration delivered from cryogenic sources, and b) the moisture adsorption and
desorption on the surfaces of the pipes and other components of the gas delivery systems. A method, based
on experimental data and comprehensive process modeling, is developed and used to investigate the effects of
system physical properties (size, configuration, and surface properties) and operating conditions (initial gas
purity, flow rate, pressure, temperature, and the changes in these properties with time) on moisture variations at
the manufacturing POU.
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1. Introduction
Large quantities of ultra-pure gases are used in high- technology
industries, such as in semiconductor fabrication plants, often
referred to as “fabs.” Many of these gases, including inert gases
used for system purge as well as process or specialty gases used
in the reactors, are supplied from cryogenic sources and are
often transported from the gas storage facilities of the plant to
the points of use (POU) in long pipes. In general, processes in
high technology manufacturing are sensitive to the presence of
impurities in both bulk and specialty process gases [1], [2]. For
example, the deposition processes in semiconductor manufac-
turing are very sensitive to moisture in inert gases that are used
for purging and dilution purposes. Impurities in these cryogenic
gases need to be lowered to low and sub ppb levels. These re-
quirements cannot be simply satisfied only by purchasing gases
of the highest purity [3], since contamination can be introduced
into the gas delivery systems through cryogenic sources, valves,
regulators, delivery pipes, and particle filters [1], [3]. Moisture
is among the most challenging contaminant due to its strong ad-
sorption and weak desorption on various types of delivery pipe
surfaces [1], [4, 6]. It can affect a wide range of semiconductor
manufacturing processes such as plasma-assisted deposition and
etching [3], [7]. The presence of moisture affects the reaction
chemistry as well as the quality and the adhesion of thin layers
to substrates. Very often two aspects of moisture control need to
be considered: 1) purification and removal of moisture in inert
gases; 2) avoiding the changes and the drift in the moisture level
that would cause a drift in process setting and recipe calibration.
Process and inert gases supplied from cryogenic sources, are
transported through long pipes that are exposed to the ambient
conditions (often outdoors) in a factory. The variations in the
ambient temperature, accentuated by the variation of usage flow
rate causes uncontrolled drift in purity at the POU. This failure
lowers performance of process tools and may even shut down
the manufacturing, bringing very large revenue loss to the fabri-
cation plant [8].
The moisture level drift at the POU is primarily due to two
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factors:
1. Drift caused by the composition change in the source.
In many cases, moisture level in the cryogenic supply
tank goes up with time due to the difference between the
volatility of moisture and that of the primary gas.
2. Drift caused by interactions of impurities with the surfaces
of delivery pipes and components. The surfaces of the
long delivery pipes provide large number of surface sites
for the adsorption and desorption of the moisture. The
temperature changes further affect the kinetics and the
equilibrium of this adsorption effect.
There have been some attempts to modify the cryogenic tanks
and the evaporation process to minimize the change in the con-
centration in the tank and minimize the drift related to the source
[9]. However, these measures do not eliminate the drift issue,
particularly because it is not practical and feasible to eliminate
the moisture drifts due to surface interactions and variation in
temperature past the point of purification. Purifiers can be used
to remove moisture at the POU [3]; however, these purifiers are
very expensive and lose efficiency under transient flow situa-
tions.
The overall objective of this work is to understand and develop a
process control method to mitigate the drift in the POU moisture
level. While nitrogen is selected as a model compound in this
study, the goal has been to develop a method that would be
applicable to all gases supplied from cryogenic sources.
2. Experimental Approach
The experimental set-up for the study of drift and fluctuations
in impurity concentration in gases supplied from cryogenic gas
sources is shown in Figure 1. In the particular arrangement
for this study, nitrogen was used as the main supply gas and
moisture as the representative impurity. The system consisted
of three sections: one section had the liquid nitrogen source (a
cryogenic dewar), the pressure and the flow control components,
and the gas dilution devices. The second section consisted of
three analyzers for measuring moisture level at three difference
ranges. The analyzers were an Atmospheric Pressure Ionization
Mass Spectrometer (APIMS) unit for low and sub ppb moisture
range, and two analyzers using Cavity Ring-down Spectroscopy
(CRDS) for measuring higher concentrations. The third section,
for dilution and calibration, consisted of the purified nitrogen
supply, a controlled source of moisture by a membrane perme-
ation device, and various flow control components.
The amount of nitrogen in the dewar was measured by a scale.
The concentration of moisture in the gas supplied by the cryo-
genic tank as well as the amount of nitrogen left in the tank were
monitored with time under controlled flow rate and temperature
conditions. This information was used in conjunction with the
formulation, described in the modeling section, to determine
the equilibrium constant, which is a key input parameter in the
Figure 1. Experimenal Set-up
comprehensive model.
3. Model Development
3.1 Cryogenic Tank Model
A single tank model was developed to represent the cryogenic
source behavior. Liquid nitrogen evaporates and the vapor is
withdrawn from the nitrogen tank at a given flow rate. Moisture
is assumed the impurity component in the nitrogen source. Ideal
gas behavior is assumed for the gases (nitrogen and moisture)
in the tank and liquid-vapor equilibrium is assumed for the tank
content. The equations in the tank model are shown below.
Vg +Vl =Vt (1)
CtVg +ClVl = M (2)
−dM
dt
=CtQ (3)
Yg = YlH (4)
−dVl
dt
α =
dVg
dt
+Q (5)
In the above equations, Vt , Vg, and Vl are the total tank volume,
the gas phase volume, and the liquid phase volume in the tank,
respectively. Ct and Cl are the moisture concentration of the
vapor and liquid phases in the tank, M is the total amount of
moisture in the tank, Q is the withdrawn flow rate, Yg and Yl are
the mole fraction of moisture in the vapor and the liquid phases,
H is Henry’s law constant, and α is the ratio of liquid nitrogen
density to vapor nitrogen density. Equations (2) and (3) are the
mass balance for moisture in the tank, Equation (4) shows the
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liquid-vapor equilibrium of moisture, and Equation (5) is the
balance for volume of gaseous nitrogen.
Using Vl = Vt −Vg, and Cl = Ct∗αH , and considering the fact
that α  1, Equations (1), (2) and (4) can be rearranged as:
−α
H
CtVg +
α
H
CtVt = M (6)
Since dVl =−dVg, Equation (5) can be written as:
dVg
dt
=−dVl
dt
=
Q
α−1 ≈
Q
α
(7)
Taking derivative of Equation (6) gives
d
(− αH CtVg + αH CtVt)
dt
=
dM
dt
(8)
Combining Equations (3), (7), and (8) gives
α
H
Vl
dCt
dt
+
(
Q− Q
H
)
Ct = 0 (9)
The initial conditions for Equations 7 and 9 are:
at t = 0, Vg =Vg0 (10)
at t = 0, Ct =Ct0 (11)
Equations (7) and (9), with their initial conditions, are two first-
order ordinary differential equations involving the dependent
variables Ct and Vg and the independent variable t. These equa-
tions were solved simultaneously using the backward difference
numerical method. The results gave the time profile of moisture
concentration in the gas that is delivered from the cryogenic
tank, Ct , as the tank is utilized.
3.2 Full System Model
As shown in Figure 2, the full system consists of the cryogenic
source and the distribution line that connects the tank to the
process tool. Liquid nitrogen vaporizes in the tank and flows
through the pipe to the POU. The model for the full system
adds the equations representing processes that take place in
the pipe to the tank equations given in Section 3.1. Inside the
pipe, moisture interacts with the pipe surface through adsorption
and desorption; it is also transported through convection and
dispersion, as shown in Figure 3.
The pipe connecting the tank source to the fab is usually lo-
cated outside the controlled temperature process area; therefore,
its temperature varies following a given or measured ambient
temperature profile. The conservation equation that describes
the surface concentration is:
∂Cs
∂ t
=−kdCs + kaCg(S0−Cs) (12)
where Cs is moisture concentration on pipe wall, Cg is moisture
concentration in gas phase, ka is adsorption rate constant, kd is
Figure 2. Simplified Schematic of a Transfer Pipe Line.
Figure 3. Transport Processes inside the Pipes.
desorption rate constant, S0 is site density of surface adsorption.
The two terms on the right side show the adsorption and desorp-
tion of the moisture on the surface.
The conservation equation for the gas phase concentration is:
∂Cs
∂ t
+∇.
(
uCg
)
= ∇.
(
De∇Cg
)
+
4
d
[(
kdCs− kaCg(S0−Cs)
)] (13)
where De is the effective dispersion coefficient, u is flow veloc-
ity, ∇.
(
uCg
)
is the convective and ∇.
(
De∇Cg
)
is the diffusive
contributions to moisture transport, 4d
[(
kdCs−kaCg(S0−Cs)
)]
represents the moisture adsorption and desorption processes.
In the Laminar flow regime, which applies to most operating
conditions interest, De is given by the following Aris-Taylor
equation [10]
De = Dm +
d2u2
196Dm
(14)
where Dm is the molecular diffusivity of moisture in the bulk
nitrogen gas. In the turbulent regime, De is given by empirical
equations or data [11].
The initial conditions and the boundary conditions of Equations
(13) and (14) are:
t = 0, Cs =Cs0 (15)
3
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t = 0, Cg =Cg0 (16)
x = 0, uCgin =
(
uCg−De ∂Cg∂x
)
x=0+
(17)
x = L
∂Cg
∂x
= 0 (18)
∇Cs = 0 for all the boundries (19)
where L is the length of pipe.
When the gases from the cryogenic tank go into the pipe, they
will have expansion due to the temperature rise from the equi-
librium value in the tank to the temperature in the pipe. The
moisture concentration on the inlet boundary of the pipe is given
by:
Cgin =Ct
Tt
T
(20)
where Tt is the equilibrium temperature in the tank, and T is the
temperature in the pipe.
Temperature swing between a low temperature Tl and a high
temperature Th was introduced to the pipe. Some parameters,
like ka, kd , and Dm, are functions of temperature.
The adsorption rate constant ka and the desorption rate constant
kd are given by:
ka ∝ e
−Ea
RT (21)
kd ∝ e
−Ed
RT (22)
where Ea and Ed are activation energy for the adsorption and
the desorption.
The molecular diffusivity of moisture in the bulk nitrogen gas
Dm is proportional to T
3
2 .
3.3 Special Case
A special case of the tank model, used in this study to determine
the value of equilibrium constant, H, is for situation where
the flow rate Q is constant. This condition was used in the
experiment described in Section 2. In this special condition of
constant Q, Equations (10) and (7) give
Vg =
Q
α
t +Vg0 (23)
Combining Equations (23) and (9)
dCt
dt
+
HQ−Q
αVl0−Qt Ct = 0 (24)
where Vl0 =Vt −Vg0.
Integrating Equation (24) gives
Ct =C1
(
αVl0−Qt
)H−1
(25)
where C1 is the integration factor.
The initial condition of Equation (25) is
at t = 0, Vt =Vt0 (26)
Solving Equation (25) gives
Ct =Ct0
(
αVl0
)1−H(
αVl0−Qt
)H−1
(27)
Dividing both sides of Equation (27) by the concentration of
vapor nitrogen, of which the value is a constant under the equi-
librium condition in the tank, and gives
Yg
Yg0
=
(
αVl0
)1−H(
αVl0−Qt
)H−1
(28)
where Yg is the mole fraction of moisture in the vapor nitrogen,
and Yg0 is its initial value.
Take the natural logarithm of Equation (28) and obtain
ln
( Yg
Yg0
)
=
(
1−H)ln( αVl0
αVl0−Qt
)
(29)
Equation (29) can be used to analyze the experimental data and
determine the equilibrium constant, H.
4. Results and Discussion
4.1 Parameter Estimation
The experimental data from the cryogenic tank experiments,
described in Section 2, is given in Table 1.
The equilibrium condition in the cryogenic tank is described
by the Antoine equation:
T =
B
A− ln(P) −C (30)
For nitrogen, A = 13.45, B = 658, C =−2.85 [12], vapor pres-
sure P of the liquid nitrogen is 70psi(4.83E5Pa), and the equi-
librium temperature is 93.35K. Under these conditions, the den-
sities of nitrogen vapor and liquid, ρg and ρl , are 17.41kg/m3
and 727.26kg/m3, respectively [13]. Therefore, the ratio of liq-
uid nitrogen density to vapor nitrogen density α is 41.77. The
4
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total initial mass of the nitrogen in the tank, m0, is 1.83kg, as
given by:
m0 = ρgV g0 +ρlVl0 (31)
The percentage mass of N2 used, f , is
f = ρgQt/m0 (32)
Using the above parameters and the experimental data of Table
1, Equation (29) is used to obtain the value of Henry’s Law
equilibrium constant, H. The resulting plot, as shown in Figure
4, gives H value of 0.39. This value of equilibrium constant
means that there is a selective retention of moisture in the liquid
phase and an increase in moisture impurity in the nitrogen with
time as the amount of nitrogen left in the tank decreases.
Figure 4. Determination of the Henry’s Law Constant.
4.2 Cryogenic Tank Drif
The tank model can be used to predict the dynamics of the drift
in moisture concentration in nitrogen supplied from cryogenic
tanks under various conditions. As an example, a tank with a
total volume of 30m3 was considered as a source that supplied
nitrogen to the POU. A cyclic flow was assumed to simulate
the transient usage rate that is typical in a fab. The flow rate
cycled between a high flow rate Qh of 9.93E−3m3/s and a low
flow rate Ql of 9.93EM−4m3/s. Qh and Ql lasted for 0.33 and
1 hour, respectively, in each flow cycle. The predicted moisture
concentration profile from the tank and the liquid nitrogen vol-
ume in the tank are shown in Figure 5.
The results show that the concentration rises from 20ppb to
nearly 130ppb in 96 hours; the moisture level increases rapidly
after about 70% of the liquid nitrogen is used. This drift is due
to the partition of moisture and its selective retention in the
liquid phase, which results in a drift towards a higher moisture
impurity in the nitrogen vapor delivered by the tank.
Figure 5. Moisture Concentration Profile Delivered by the Tank
and Liquid Nitrogen Volume in the Tank.
4.3 Transport Pipe Effect
The various transport steps and surface interactions in the pipe
contribute to the drift and variations of moisture concentration
at the POU. The model presented in Section 3 was used to il-
lustrate this effect, using a pipe, 100 meters in length and 0.1
meters in diameter, with an inlet flow rate of 9.93E − 4m3/s.
The inlet concentration was kept constant at 20ppb. The adsorp-
tion rate constant, ka0, of 3.5m3/mol.s and the desorption rate
constant, kd0 of 0.005 1/s at 298K were assumed. The surface
site density S0 of 1.5E− 4mol/m2 were used in this example.
Temperature variation on the pipe was assumed to have a cyclic
form, represented by the function 15sino1.5( pi12 t
[
hr
])
+298K.
The activation energies for adsorption and desorption, Ea and
Ed , were assumed to be 2.09E4J/mol and 1.26E5J/mol, re-
spectively. These values are in the reasonable practical range
[1] and used for illustrative purposes. However, the exact values
for each system depend on specific properties such as the pipe
material, the specific gas mixture properties, and the operation
of the transport lines in the fab. The resulting concentration time
profile at the POU for this example is shown in Figure 6.
Figure 6. Effect of Transport and Surface Interactions in the
Pipe on the POU Concentration.
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The complex profile for moisture in the pipe outlet is the
result of simultaneous interactions (some enhancing and some
opposing each other) of various transport, adsorption, and des-
orption processes. Added to this is the cumulative effect of
moisture accumulation and depletion on the surface, which
varies with time and location. These combined effects create
a complex pattern of peaks of valleys in the outlet moisture
concentration. For example, in the first six hours of operation,
temperature goes up, ka and kd both increase, desorption process
dominates at the beginning, surface concentration, Cs, decreases
as the desorption proceeds, while the adsorption rate increases
gradually. As a result, the outlet concentration increases to the
peak then decreases slowly.
In most typical high-technology manufacturing processes, such
as in semiconductor fabs, efforts are made to lower the con-
centration of all contaminants, particularly moisture, in both
inert and reactive process gases. However, in many situations
the processes and purifiers are calibrated and set up to handle a
low but controlled and steady level of impurities. What is often
disastrous and cannot be tolerated by process tools and cannot
be remedied by purifiers are the rapid and uncontrolled drifts
and fluctuations in the impurities, such as the ones presented
here. The modeling approach and results presented in this work
are helpful in understanding the causes and the effects of op-
erational factors that contribute to these drifts and variations.
The modeling tools developed are also essential in developing
strategies to mitigate them.
4.4 Parametric Study
To see the effect of key system characteristics, and operating
conditions, the following parametric study was conducted using
the process model developed in this work. However, in all cases
of this study, the adsorption rate constant ka0 of 10.5m3/mol.s
at 298K, the desorption rate constant kd0 of 0.005 1/s at 298K,
and surface site density S0 of 6E − 4mol/m3 were fixed and
used.
4.4.1 Effect of Pipe Length
Three pipe lengths (50m,100m,and150m) were used in this
evaluation. Nitrogen was supplied from a 30m3 cryogenic tank
into the pipe at a constant temperature of 298K, and with a flow
rate Ql of 9.93E− 4m3/s. The initial moisture concentration
was 20ppb and the initial surface concentration on the pipe sur-
face was in equilibrium with this initial gas phase concentration.
The inlet and outlet moisture concentration profiles are shown
in Figure 7, where Cout is outlet moisture concentration. The
results show that the outlet concentration essentially follows
the trend of drift in the inlet concentration, which is the supply
from the tank; however, there is an initial delay in the rise of
moisture level in the outlet due to adsorption of moisture on
the pipe surface. The outlet is always lower than the inlet; this
difference increases as the pipe length increases.
Figure 7. Effect of Pipe Length on the Moisture Concentration
in the Pipe Outlet.
4.4.2 Effect of Tank Size
Three tank sizes (10m3, 20m3, and 30m3) were used for this
evaluation. The pipe was 100 m in length, and the flow rate was
9.93E−4m3/s. The resulting outlet concentration profiles are
shown in Figure 8. The results show that a smaller tank has a
higher concentration drift. This trend is observed for both pipe
inlet and outlet profiles.
Figure 10 is a plot of the difference between the moisture level
in the tank outlet and that at the end of the transfer line (POU).
This difference is a measure of the alternation of the moisture
content due to the processes in the pipe. The results show that
this difference is larger for smaller tanks. That is because the
drift in the moisture concentration is faster for smaller tanks,
resulting in a higher moisture level in the gas, which in turn
increases the adsorption rate and the loss of moisture to the pipe
walls.
The change in the slope of the curves in Figure 9 after about 5
hours shows that the adsorption effect goes through a significant
change when the pipe approaches saturation with moisture and
its ability to adsorb decreases.
4.4.3 Effect of Flow Rate
For this part of parametric study, a periodic flow rate, cycling
between a high Qh and a lowQl , was assumed. Three values for
Qh(2.5E−3,5E−3, and 0.01m3/s) were used and compared,
Ql was kept at 9.93E−4m3/s. The durations for high and low
flow were 0.33 hours and 1 hour, respectively. The tank was 30
m3, the pipe of 100 m, the pipe temperature was 298 K, and the
initial moisture concentation from the tank was 20ppb.
The results, shown in Figure 10, show that both the inlet and
outlet concentrations increase with time. The drift, primarily
controlled by the high-flow periods, is higher for the larger val-
ues of Qh; the drift during the low flow periods is small. As
expected, the higher flow rate results in a higher overall drift
6
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Figure 8. Effect of Tank Size on the Moisture Concentration in
the Pipe Outlet.
Figure 9. Moisture Concentration Difference between the Tank
Outlet and Pipe Outlet.
after any given time, due to a faster enrichment of moisture in
the cryogenic tank.
Figure 10. Effect of Flow Rate on the Moisture Concentration
in the Pipe Outlet.
4.4.4 Effect of Temperature Swing
In most fabs, the inert gas pipes run in uncontrolled open air
from gas storage areas to the fab building. In this set-up, a
large portion of pipes is exposed to cycles of varying daytime
to nighttime temperatures. To understand the significance of
these temperature cycles, the effect of three levels of temperature
change, Th−Tl , (20K, 30K, and 40K) on the moisture content of
at the POU was investigated. The temperature cycles were sim-
ulated as a periodic function of Th−T) 2sino1.5(
pi
12 t
[
hr
])
+298K.
The pipe length of 100 meters, the flow rate of Ql , and the tank
volume of 30m3 were assumed in this example.
The results, illustrated in Figure 11, show that the size of the
peak in the POU moisture content is very sensitive to tempera-
ture swing; for example, a variation of 40K in temperature gives
a 200ppb peak that is definitely out of the acceptable range for
most fabrication processes. In fact, the effect of this temperature
swing is the most dominant and potentially the most problematic
amongst various system and operating parameters investigated
in this study.
Figure 11. Results of Temperature Variation on the Moisture
Concentration in the Pipe Outlet.
5. Conclusion
The uncontrolled variation of impurities, particularly moisture,
in the UHP gas delivery systems are often due to two sources:
the drift in purity from cryogenic sources and the adsorption
and desorption on the delivery pipe surfaces. The experimen-
tal results in this study show that moisture in nitrogen has the
tendency to concentrate selectively in the liquid phase as liquid
nitrogen is evaporated from a pool of cryogenic liquid in a tank.
This is also expected to be the case with moisture in most other
inert and process gases. This drift, if not corrected for, will re-
sult in a gradual but significant increase in the moisture content
of gases from cryogenic sources as usage continues. The higher
withdrawn flow rate and/or smaller tank size will enhance this
moisture drift.
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The transport and delivery pipes also play a key role in the im-
purity fluctuations and drift at the POU; this is due to their large
surface area that provides abundant adsorption sites for impurity
retention and release in complex and uncontrolled dynamics.
The adsorption and desorption of moisture on most surfaces are
very sensitive to temperature; therefore, temperature variations
have a large impact on the moisture concentration at the POU.
Additionally, adsorption and desorption interact with various
modes of fluid transport in the pipe; the net effect of these inter-
actions depends on flow rate, pipe size, and pipe materials.
The results of case study show that the comprehensive process
model that was developed in this study is a powerful tool for
analyzing the fluctuations of impurities in the supply, delivery,
and transport sections of the UHP gas systems. The model can
be used for analysis of the observation in an existing system,
developing strategies to mitigate related issues, and the design
of new systems to avoid the impurity surges and drifts. Further
quantitative validation and application of the model to specific
UHP gas distribution systems will continue in the next phase of
this study [14].
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Notations
α: ratio of liquid nitrogen density to vapor nitrogen density
ρg: vapor nitrogen density at equilibrium temperature, kg/m3
ρl : liquid nitrogen density at equilibrium temperature, kg/m3
A: Antoine equation constant
B: Antoine equation constant
C: Antoine equation constant
C1: integration factor
Cg: moisture concentration of the vapor phase in the pipe,
mol/m3
Cgin: inlet moisture concentration of the pipe, mol/m3
Cg0: initial moisture concentration of the vapor phase in the
pipe, mol/m3
Cl : moisture concentration of the liquid phase in the tank,
mol/m3
Cout : outlet moisture concentration, ppb
Cs: moisture concentration on pipe wall, mol/m2
Cs0: initial moisture concentration on pipe wall, mol/m2
Ct : moisture concentration of the vapor phase in the tank,
mol/m3
Ct0: initial moisture concentration of the vapor phase in the tank,
mol/m3
De: effective dispersion coefficient, m2/s
Dm: molecular diffusivity of moisture in the bulk nitrogen gas,
m2/s
Ea: activation energy for the adsorption, J/mol
Ed : activation energy for the desorption, J/mol
f : percentage mass of nitrogen used in the tank
H: Henry’s law constant
ka: adsorption rate constant, m3/mol.s
ka0: adsorption rate constant at 298 K, m3/mol.s
kd : desorption rate constant, 1/s
kd0: desorption rate constant at 298 K, 1/s
L: total length of the pipe, m
M: total amount of moisture in the tank, mol
m0: initial mass of all the nitrogen in the tank, kg
P: vapor pressure, Pa
Q: withdrawn flow rate, m3/s
Qh: high flow rate in a flow cycle, m3/s
Ql : low flow rate in a flow cycle, m3/s
R: gas constant, J/mol.K
S0: site density of surface adsorption, mol/m2
t: time, s
T : temperature, K
Th: high temperature in a temperature cycle, K
Tl : low temperature in a temperature cycle, K
Tt : equilibrium temperature in the tank, K
u: flow velocity, m/s
Vg: gaseous nitrogen volume in the tank, m3
Vg0: initial gaseous nitrogen volume in the tank, m3
Vl : liquid nitrogen volume in the tank, m3
Vl0: initial liquid nitrogen volume in the tank, m3
Vt : total tank volume, m3
x: pipe length variable, m3
Yg: mole fraction of moisture in the vapor phase
Yg0: initial mole fraction of moisture in the vapor phase
Yl : mole fraction of moisture in the liquid phase
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